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I.

Abstract

The laser ablation of metal carries relevance in a variety of engineering industries. This includes,
but is not limited to, processes such as micromachining, or implementation on aircraft weaponry.
The latter application is the reasoning for why aluminum is the specific metal in consideration, as
it is commonly used for the construction of aircraft components.

The scope of this project was to optimize the energy dispersed through laser ablation on
aluminum by mathematical modeling. The transient conduction process in the aluminum was
modeled using a 2-dimensional cylindrical coordinate system in both MATLAB and ANSYS/Fluent.
These models were adopted to simulate various laser pulse patterns, to accomplish an initial
objective of pulse optimization. Specifically, the various pulse patterns were compared, to obtain
a pattern that allowed for the aluminum to reach its melting temperature at a specified depth,
while consuming the least amount of power from the laser. The duration of, and the time between,
the laser pulses were changed to investigate how these parameters affected the efficiency of the
energy distribution. Since mass ejection decreases the efficiency of the laser pulse, Ansys/Fluent
was used to model the gas dynamics of the ejected material as well. This decrease in efficiency
occurs because the created plume absorbs some of the laser’s energy, thus reducing the energy
being transferred to the target. Investigating this process, known as shielding, is the ultimate
objective of the entire project. The optimal pulse pattern determined initially was remodeled, now
considering energy absorption in the surrounding air region. Future studies will continue to
investigate the process of shielding, to achieve full laser pulse optimization.
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II.

Introduction

Laser ablation is the process of removing material using a laser from the surface of a solid. This
process is used in many different industries and applications. Some examples are for corrective
eye surgeries, rust removal, and the manufacturing of carbon nanotubes. This project is
investigating the optimization of laser ablation on aluminum for the use in laser anti-missile and
anti-aircraft weapons.
During laser ablation, material is removed as the laser heats the surface turning it into a gas,
liquid, or plasma and is ejected from the surface in a plume. As the laser travels through the plume
of material, a significant portion of the energy in the laser is absorbed in the plume, making it
necessary to use more energy to heat the target region. This absorption of energy by previous
plumes is called shielding. The efficiency of laser ablation by multiple laser pulses is decreased by
this shielding effect. For each additional pulse more and more energy is absorbed. The longer the
duration of the pulse and the more pulses used the greater the decrease in efficiency.
III. Mathematical Modeling - MATLAB
To begin the process of modeling the physical processes occurring during laser ablation, several
models were developed. Modeling began with basic numerical methods, and proceeded to
increasingly more complex mathematical models.
A. Finite Element Approximation Method
Laser ablation involves the rapid heating of a surface. As such, the very first concept to be
considered is that of transient conduction through a surface: in this case, aluminum. Successive
laser pulses were simulated by changing the boundary conditions of an aluminum surface
between the surface temperature of 5000 K and an adiabatic condition. Thus, the following finite
element approximation method was applied for 1 - dimensional transient conduction through a
solid surface [ 2 ].
(3.1)

d2 T
dx2

=

T i−1 − 2T i + T i+1
Δx2

1. One - Dimensional Finite Element Approximation:
(3.2)

T j n+1 −T j n
Δt

=k

T j+1 n −2T j n +T j−1 n
Δx2

,

kΔt
Δx2

≤

1
2

(stability criterion)

Laser Ablation of Aluminum - 4

2. Two - Dimensional Cartesian Finite Element Approximation

(3.3)
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3. Two - Dimensional Cylindrical Finite Element Approximation

(3.4)
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(stability criterion)

Since these calculations are an iterative process, a MATLAB script was written to perform
calculations for each scenario.
B. Simulations: MATLAB and ANSYS Fluent
1. One - Dimensional:
The first mathematical model that was created was a 1-Dimensional transient heat conduction
process where the target temperature was an instantaneous 5000K when the laser was on, and an
adiabatic condition when the laser was off. Differences in the conductivity value of aluminium
based off of temperature were ignored, and all convective and radiative effects were ignored for
this approximation. For this model, it is assumed that the rod is long enough to assume that the
temperature at the opposite end of the target region is ambient and the initial condition of all the
nodes except the target are ambient. To mimic the adiabatic condition at the target region when
the laser is off, the following equation is used:
T j n+1 = T j+1 n This condition makes it so that the
temperature of the target region, the top node, is equal to the temperature of the second node at
kΔt
1
the previous time step. With this model, the stability criterion of Δx
2 ≤ 2 needed to be met. One
on/off pulse condition was analyzed using Matlab and produced the following results:
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Figure 1.a.

Figure 1.b.

2. Two - Dimensional Cartesian:
Similar assumptions that were made in the 1-Dimensional approximation are also made for the
2-Dimensional scenario; however, with the extra dimension comes additional boundary
conditions. The target region is still an instantaneous 5000K when the laser is on, and adiabatic
when the laser is off, ie: T m,n P +1 = T m,n+1 P and the left, right, and bottom bounds of the region are
all assumed to be ambient temperature. The initial temperature of all the nodes except for the
target region is also ambient. Based off the laser parameters, the target region has a diameter of
1mm, and all other nodes at the top layer of the model are also assumed to be ambient. The target
region was set such that it was centered among the top nodes of the model. The finite difference
equation shown above (3.3) and the stability conditions stated, were used with these conditions
for three pulses, each being on and off for 100 ns, in Matlab.

Figure 2.a.

Figure 2.b
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Figure 2.c.

Figure 2.d.

Figure 2.e.

Figure 2.f.

Figure 2.g.
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3. Two - Dimensional Cylindrical:
The last mathematical model to be analyzed via finite-difference method was 2-Dimensional
axisymmetric cylindrical coordinates. This coordinate system should produce the most accurate
results since the target region is circular; and this system was used in previous research done by
Dr. Povitsky, so this will allow the results from both to be compared. This model still assumes an
instantaneous target temperature of 5000K when the laser pulse is on and an adiabatic condition
of T r,x P +1 = T r,x+1 P when it is off. The target region is the top layer spanning from the left most
node to the radius of the laser. The right and bottom bounds are assumed to be ambient
temperature along with all other temperatures at the top layer outside the target region. The
initial state of all the nodes is also ambient except for the target region. At the axis, the left bounds,
it is assumed that the temperature gradient is zero: T r+1,x P = T r,x P . Since this model will be used
to compare results, the Matlab script was written so it could analyze the results for any inputted
number of pulses given that the time of the pulse is equal to the time that is off. Using these
conditions with the Matlab script attached in Appendix C for three pulses produced the following
results:

Figure 3.a.

Figure 3.b.

Laser Ablation of Aluminum - 8

Figure 3.c.

Figure 3.d.

Figure 3.e.

Figure 3.f.

Figure 3.g.
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Geometry and Boundary Conditions:
The following images provide further information regarding the geometry of the laser pulse. As
evident in Figure 4, the circular target region allows for the application of a 2-D axisymmetric
model, since heat propagates downward in a cylindrical fashion. Figures 5 and 6 illustrate the
concept of axisymmetric geometry.

Figure 4.a. Basic illustration of the target area, pulse on (left), and pulse off (right).

Figure 5. 2D Axisymmetric in ANSYS 19.2 [4]

Figure 6. Temperature distribution immediately after the 10th pulse, Case A100.

Laser Ablation of Aluminum - 10
IV.

Simulations - ANSYS Fluent

A. Temperature Distribution of The Heated Aluminum
Modeling the behavior of aluminum during a laser ablation process involves the consideration of
many physical processes, including, but not limited to: transient conduction, convection, radiation,
chemical processes, and fluid mechanics. Modeling began by starting with a 1-Dimensional
numerical analysis in MATLAB. Next, a 2-Dimensional model was constructed in ANSYS Fluent
using cartesian coordinates, followed by a 2-Dimensional axisymmetric model for further
accuracy. Complete results and figures are present within the Appendix. Initial models were
constructed for a pulse pattern of 100 ns on, 100 ns off, known as Case 100A in Section IV - 3. The
figure below, generated in MATLAB, depicts the rate at which temperature would be expected to
decrease in relation to material depth. This observation was then validated in ANSYS Fluent.

Figure 7. One - Dimensional temperature gradient through an aluminum solid at specified points in time.

These initial models for heat conduction are rather simple. Realistically, there are many factors
that must be considered, such as the optical properties of aluminum at high temperatures,
solidification and melting, as well as ionization, to name a few. However, this model is intended to
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hopefully act as the framework for more complex models, and provide some insight into the
process of laser ablation.
2. Two - Dimensional Model
ANSYS Fluent
Initial Conditions:

Figure 8. Initial Conditions for Case A100, where t = 0 ns. (timestep: n = 1).

Boundary Conditions: Pulse OFF
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Figure 9. Boundary Conditions for Case A100 immediately after pulse 1, where t = 100 ns. (timestep: n = 101)

Boundary Conditions: Pulse ON

Figure 10. Boundary Conditions for Case A100 immediately beginning pulse 2, where t = 200 ns. (timestep: n = 201)
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Figure 11. Fig. Temperature Distribution 100 ns after pulse 3, Case A100.

Temperature distributions were verified in MATLAB, present in the Appendices.
3. Pulse Optimization
As with many engineering endeavors, the ultimate purpose of this investigation into the ablation
of aluminum is to provide conclusions that may be useful for industrial purposes. Thus, an
investigation into pulse pattern optimization was conducted. The purpose of this investigation
was to determine whether or not certain pulse durations and patterns allowed for the aluminum
to reach its melting point using the least amount of power. Power efficiency is a design constraint
prevalent through a multitude of engineering subdisciplines, and thus, its consideration was
relevant. Twelve different pulse patterns were simulated in ANSYS Fluent. For investigative
purposes, temperatures were recorded at two arbitrary points below the target surface: 10 µm,
and 20 µm.
Table 1. Performance Parameters of a Variety of Pulse Patterns
Various Pulse Patterns
Surface Condition:

T surf ace = 5000 K

q ′′ = 0 W /m2

Case No.

τ (nanoseconds)

τ (nanoseconds)

No. of Pulses

τ f inal (nanoseconds)

A100

100

100

12

2400

A200

200

200

6

2400

A400

400

200

3

2400

A600

600

600

2

2400

B100

100

100

9

1800

B200

200

100

6

1800

B400

400

100

4

2000
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These pulse patterns were primarily evaluated in ANSYS Fluent. The objective of this procedure was to
examine whether or not laser pulses could be optimized to reach an arbitrary target depth using the least
amount of energy.

Temperature as a Function of Time
The following figures were generated to observe how quickly aluminum would be heated to its
melting temperature of 933 K, under different conditions.

Figure 12.a. Temperature of the aluminum at an arbitrary depth of 20 microns below the aluminum surface.

Figure 12.b. Temperature of the aluminum at an arbitrary depth of 10 microns below the aluminum surface.
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Temperature as a Function of Input Power
Heat propagation through the aluminum appears to vary little with variations in pulse patterns,
when time is the primary factor of interest. Thus, another, and perhaps more practical metric shall
be investigated: power. The power required to heat the aluminum to its melting temperature for a
variety of arbitrary depths was plotted for the set of pulse patterns listed in Table 1:

Figure 13. Power required to reach the melting temperature of Aluminum at the two specified arbitrary depths. For this model, a
sample laser fluence of 5 J/cm2  was used, with 100 ns being the default time period for power units.
Table 2. Relevant Parameters Used:
Pulse Radius (m)

Pulse Area (m2)

Fluence (J/m2)

Energy (J)

0.0005

7.8539E-07

50000

0.0392

It is important to note that the data acquired for pulse optimization occurs over a relatively short
length of time. Ideally, further simulations can provide more insight into the true behavior of
aluminum as it is heated. The miniscule time length was chosen to hopefully maintain accuracy.
Longer simulations will require the following considerations, thus complicating the model:
- The ejection of mass, and subsequent formation of craters
- Energy scattering and absorption due to shielding
- Additional thermodynamic processes
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B. Gas Dynamics of the Surrounding Region
As the laser heats the aluminum above its melting point the liquid and gaseous material is ejected
at high speed from the surface. The ejected material absorbs some of the energy from next pulse
reducing the amount of energy that hits the target. The amount of laser light that passes through
the plume is modeled with Bouguer-Lambert-Beer law as follows:
L

−∫ K ext (λ)dx

(4.1) I /I 0 = e 0
λ is the wavelength of the laser beam, L is the path length that the laser travels through the
plume, Kext is the extinction coefficient of the plume. I /I 0 represents the percentage of laser energy
that is transmitted through the plume.
Kext is calculated as follows:
2
(4.2) K ext (λ) = π4 C n Qext (λ)D p
Where Cn  is the number density of particles, Dp is diameter of the particles assuming all liquid
droplets have the same size, and Qext is the extinction efficiency.[4]
Using Mie Theory, Qext can be solved by
(4.3) Qext (λ) = 2 − 4α sin(α) + α42 (1 − cos(α))
2πD

α = λ p |m − 1 |
Where m is the refractive index of aluminum which is 5/3.
In order to get the path length L the plume needs to be modeled using Navier-Stokes equations.
This was done by using Ansys/Fluent
In order to model the Navier-Stokes solution the ejection velocity of the molten material of the
plume is needed. This is solved for using the equations for mass flow rate as follows
(4.4) mdot = ρV A
(4.5) mdot = m/t
Where mdot is the mass flow rate, ρ is the density, V is the velocity, A is the area of the target and
t is the duration of the pulse
The ejected mass was solved by taking the depth at which the laser heated the aluminum to above
its melting point of 933 K. As the radius of the target is .5mm, the volume of the ablated mass is
calculated and multiplied by the density of solid aluminum to get the ablated mass. The mass was
divided by the duration of the pulse to get a mass flow rate of 0.1272 kg/s. This mass flow rate
was divided by the area of the target and the density of the gas-liquid mixture that is ejected to get
an ejection velocity of 192.86 m/s. (see Appendix B for calculations)
The pressure of the ejected material is assumed to be the saturated vapor pressure of aluminum at
the target temperature of 5000K. The equation to calculate the pressure is:
(4.6)

log( PP as ) = A + B /T + C logT
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Where A is 9.445, B is -16380 and C is 1.0. [3] Pa is atomostspere ic pressure of 1.01 bar, T is the
temperature which was taken as the surface temperature of 5000 K, and Ps is the saturated
pressure. The pressure of the ejected material is 100 bar.
Using the properties of liquid aluminum and the boundary conditions for the target, the injection
velocity and saturated pressure the plume was modeled. The rect of the aluminum surface was set
as a wall and all other boundaries as outlets. The injection was run for 100 ns to simulate the pulse
length and then was turned off for 100 ns to simulate the length between pulses. The model of the
plume is shown in figure 14.

Figure 14. Formation of plume after 100 ns pulse and 100 ns break

To see the shape the plume takes over time the pulse was run for 100 ns and then allowed to run
with not material being injected until the total time elapsed is 40 microseconds. The shape of the
plume is shown in figure 15.
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Figure 15. Formation of plume after 40 microseconds

From the simulation of the 100 ns pulse the shape is very similar to a column plume and this
approximation was used to calculate the optical length L to use in (5). The length was calculated
by multiply the injection velocity by the duration of the pulse to get a length of 1.92*10^-5 m.
This length can then be used in (5) to calculate the percentage of the energy from the laser that
reaches the target. Using the numbers given in [4] for Kext  the intensity of energy transmitted
through the plume after 1 pulse cycle is 95%. Thus, there is a reduction in energy transmitted to
the material.
V.

Accounting for Shielding

The current model for the laser ablation process is rather simplified in its current state. Thus, to
examine the effects of shielding, rough approximations will be used. To simulate the reduced
energy interacting with the target area, the cases used to model transient conduction in Section IV
- 3 were used, with modified boundary conditions.
Plume models presented in Section IV - B require further development. Thus, the effects of
shielding were primarily studied within the transient conduction models generated in MATLAB
and ANSYS Fluent. Exact percentages of energy decrease require further investigation. As a result,
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approximate values were implemented, simply to observe how a general decrease in energy to the
target affects heat transfer. For approximations, a coefficient of 0.5 was used to calculate the
energy being transferred to the target region. This value differs than the 95% stated previously
but should better represent the shielding since the previous was a rough estimate. The initial
specific energy transfer to the target, knowing that it heats to approximately 5000K, was
approximated using the following equation:
(5.1) q i = C p * (T T arget − T amb )
The proceeding specific energy transfer was calculated using the following approximation:
(5.2) q = C shielding N p−1 * q i
Where Np denotes the number of iterations such that at Np=1 is the first pulse. For pulses after
the initial one, the previous equation was rewritten to calculate the new target Temperature.
(5.3) T T arget = q /C p + T p−1
Where T p−1 represents the temperature at that region at the previous time step. These conditions
were added to the two-Dimensional Cylindrical Matlab script described in section III B:
Simulations: MATLAB and ANSYS Fluent. Below are the Temperature v. Depth graphs produced by
the Cylindrical calculations with and without shielding.

Figure 16.a. Temperature Distribution without shielding

Figure 16.b. Temperature Distribution with shielding
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As shown, the target temperature after each pulse drops and reduces the temperature gradient
throughout the model. This type of reaction makes physical sense because as more energy is being
absorbed by the plume, less energy can go to the target region; so even though more research
needs to be done to better account for shielding, this model represents the temperature
distribution than the one without. Boundary conditions obtained in MATLAB were implemented
in ANSYS Fluent. The following figure summarizes the temperature distribution data obtained in
MATLAB:

Figure 17. Temperature distribution of Case A100, with shielding considered.
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VI. Conclusions
From the examination of of shielding from the plume absorbing laser energy, a shorter pulse is
more efficient as it allows less time for the formation of the plume. As the plume is smaller, the
optical path length is shorter, so the decreasing the amount of energy absorbed by the plume. In
addition, shorter pulses seem favorable with regard to power efficiency and heat propagation.
Figure 11 exhibits this, with Case A100 displaying the lowest required power to heat aluminum to
its melting temperature.
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Appendix A

Temperature Distribution Data Acquired in ANSYS Fluent:
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Appendix B
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Appendix C
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